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(54) Shape memory alloy stent 

(57) A stent for use in a lumen in a human or animal 
body, has a generally tubular body formed from a shape 
memory alloy which has been treated so that it exhibits 
enhanced elastic properties with a point of inflection in 
the stress-strain curve on loading, enabling the body to 
be deformed inwardly to a transversely compressed 
configuration for insertion into the lumen and then revert 
towards its initial configuration, into contact with and to 
support the lumen. The shape memory alloy comprises 
nickel, titanium and from about 3 at.% to about 20 at.%, 



based on the weight of the total weight of the alloy com- 
position, of a ternary element selected from the group 
consisting of niobium, hafnium, tantalum, tungsten and 
gold. The ratio of the stress on loading to the stress on 
unloading at the respective inflection points on the load- 
ing and unloading curves is at least about 2.5:1 , and the 
difference between the stresses on loading and unload- 
ing at the inflection points at least about 250 MPa. 
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Description 

Background of the Invention 

This invention relates to a stent. Stents are used in 
lumens in a human or animal body. When properly posi- 
tioned in a lumen, a stent can contact the wall of the 
lumen to support it or to force the wall outwardly. 

Stents can be made from a material which enables 
the stent to be compressed transversely elastically so 
that they can then recover outwardly when the com- 
pressing force is removed, into contact with the wall of 
the lumen. The enhanced elastic properties available 
from shape memory alloys as a result of a transforma- 
tion between martensite and austenite phases of the 
alloys make them particularly well suited to this applica- 
tion. The nature of the superelastic transformations of 
shape memory alloys is discussed in "Engineering 
Aspects of Shape Memory Alloys", T. W. Duerig et al, on 
page 370, Butterworth-Heinemann (1990). Subject mat- 
ter disclosed in that document is incorporated in this 
specification by this reference to the document. 

A principal transformation of shape memory alloys 
involves an initial increase in strain, approximately line- 
arly with stress. This behaviour is reversible, and corre- 
sponds to conventional elastic deformation. 
Subsequent increases in strain are accompanied by lit- 
tle or no increase in stress, over a limited range of strain 
to the end of the "loading plateau". The loading plateau 
stress is defined by the inflection point on the 
stress/strain graph. Subsequent increases in strain are 
accompanied by increases in stress. On unloading, 
there is a decline in stress with reducing strain to the 
start of the "unloading plateau" evidenced by the exist- 
ence of an inflection point along which stress changes 
little with reducing strain. At the end of the unloading 
plateau, stress reduces with reducing strain. The 
unloading plateau stress is also defined by the inflection 
point on the stress/strain graph. Any residual strain after 
unloading to zero stress is the permanent set of the 
sample. Characteristics of this deformation, the loading 
plateau, the unloading plateau, the elastic modulus, the 
plateau length and the permanent set (defined with 
respect to a specific total deformation) are established, 
and are defined in, for example, "Engineering Aspects 
of Shape Memory Alloys," on page 376. 

Summary of the Invention 

The stress strain behaviour of a shape memory 
alloy component which exhibits enhanced elastic prop- 
erties can exhibit hysteresis, where the stress that is 
applied at a given strain during loading is greater than 
the stress exerted at that strain during unloading. It is 
generally desirable when exploiting the enhanced elas- 
tic properties of a shape memory alloy component to 
minimize the difference between the stresses on the 
loading and unloading curves in a deformation cycle 



(that is to minimize the hysteresis). However, according 
to the present invention, it has been found that it can be 
advantageous in a stent to make use of an alloy which 
is capable of exhibiting a large hysteresis in a loading 
5 and unloading cycle. This can be obtained by using cer- 
tain nickel titanium based alloys, with ternary additions 
of at least one of niobium, hafnium, tantalum, tungsten 
and gold. 

Accordingly, in one aspect, the invention provides a 

10 stent for use in a lumen in a human or animal body, 
which has a generally tubular body formed from a shape 
memory alloy which has been treated so that it exhibits 
enhanced elastic properties with a point of inflection in 
the stress-strain curve on loading, enabling the body to 

is be deformed inwardly to a transversely compressed 
configuration for insertion into the lumen and then revert 
towards its initial configuration, into contact with and to 
support the lumen, the shape memory alloy comprising 
nickel, titanium and from about 3 atomic percent (here- 
to inafter at.%) to about 20 at.%, based on the weight of 
the total weight of the alloy composition, of at least one 
additional element selected from the group consisting of 
niobium, hafnium, tantalum, tungsten and gold. 

The use of the specified ternary elements in a 

25 nickel titanium alloy has the advantage that the resulting 
stent is able to exhibit a wider hysteresis in the stress- 
strain behaviour in a loading and unloading cycle. This 
is particularly advantageous in a stent for use in a lumen 
in a human or animal body, which is moved through the 

30 stent while in a transversely compressed configuration 
from which it can expand elastically into contact with 
and to support the lumen. The wide hysteresis means 
that the inward force required to compress the stent 
transversely once in place in the lumen is relatively high, 

35 while the outward force that the stent exerts on the 
lumen as it attempts to revert to its original undeformed 
configuration is relatively low. This can also mean that 
the lumen will be resistant to being crushed by exter- 
nally applied forces which can be a problem in the case 

40 of lumens close to the surface such as arteries in the 
thigh and neck. It can also mean that the lumen does 
not tend to be distorted undesirably by a large outward 
force exerted by the stent on the lumen. 

The use of the alloy specified above can enable the 

45 ratio of the stress on loading to the stress on unloading 
at the respective inflection points on the stress-strain 
curve to be at least about 2.5:1 , preferably at least about 
3:1 , more preferably at least about 3.5:1 , for example at 
least about 4:1, measured at body temperature. This 

so relationship between the loading and unloading 
stresses in the loading-unloading cycle provides the 
combination of resistance to crushing of a stent-sup- 
ported lumen and low outward force tending to deform 
the lumen, discussed above. 

55 Accordingly, in another aspect, the invention pro- 
vides a stent for use in a lumen in a human or animal 
body, which has a generally tubular body formed from a 
shape memory alloy which has been treated so that it 
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exhibits enhanced elastic properties with a point of 
inflection in the stress-strain curve on unloading, ena- 
bling the body to be deformed inwardly to a transversely 
compressed configuration for insertion into the lumen 
and then revert towards its initial configuration, into con- 5 
tact with and to support the lumen, the ratio of the stress 
on loading to the stress on unloading at the respective 
inflection points on the stress-strain curve being at least 
about 2.5:1, preferably at least about 3:1, measured at 
body temperature. 10 

The use of the alloy specified above can enable the 
difference between the stress on loading and the stress 
on unloading at the respective inflection points on the 
stress-strain curve, after deformation to a strain of 10%, 
to be at least about 250 MPa, preferably at least about is 
300 MPa, more preferably at least about 350 MPa, for 
example at least about 400 MPa. This relationship 
between the loading and unloading stresses in the load- 
ing-unloading cycle can also provide the combination of 
resistance to crushing of a stent-supported lumen and 20 
low outward force tending to deform the lumen, dis- 
cussed above. 

Accordingly, in a further aspect, the invention pro- 
vides a stent for use in a lumen in a human or animal 
body, which has a generally tubular body formed from a 25 
shape memory alloy which has been treated so that it 
exhibits enhanced elastic properties with a point of 
inflection in the stress-strain curve on loading, enabling 
the body to be deformed inwardly to a transversely com- 
pressed configuration for insertion into the lumen and 30 
then revert towards its initial configuration, into contact 
with and to support the lumen, the difference between 
the stress on loading and the stress on unloading at the 
respective inflection points on the stress-strain curve, 
after deformation to a strain of 10%, being at least about 35 
250 MPa, preferably at least about 300 MPa, more pref- 
erably at least about 350 MPa, for example at least 
about 400 MPa. 

A further significant advantage of the use of at least 
some of the alloys referred to above in the stent of the 40 
invention is that their radio-opacity is enhanced com- 
pared with that of nickel-titanium shape memory alloys 
conventionally used for stents, greatly facilitating their 
use in non-invasive surgery. 

The alloy used in the stent of the invention will pref- 45 
erably comprise at least about 3 at.%, more preferably 
at least about 5 at.% of one or more additional ele- 
ments. The alloy will preferably comprise not more than 
about 15 at.%, more preferably not more than about 10 
at.% of the additional element(s). The alloy will often so 
contain just nickel and titanium in addition to elements 
selected from the group referred to above (as well of 
course of incidental amounts of other materials includ- 
ing impurities), although useful alloys may include two 
or more elements (of which at least one, and possibly 55 
all, may be selected from the group referred to above) in 
addition to nickel and titanium. An example of a suitable 
alloy for use in the stent of the invention is Ni^^yNbg. 



The relative amounts of the nickel and titanium compo- 
nents in the alloy will be selected to provide appropriate 
elastic properties and to ensure that the temperatures 
of the transitions between the martensite and austenite 
phases of the alloy can be arranged to be appropriate 
for the intended use of the stent. 

Some NiTiNb alloys which can be used in the 
present invention are disclosed in U.S. Patent No. 
4,770,725. That document relates to NiTiNb alloys 
which have been found to be capable of treatment to 
provide a wide thermal hysteresis. Subject matter dis- 
closed in that document is incorporated in this specifica- 
tion by this reference. This property is important in 
applications for shape memory alloys which make use 
of a thermally induced change in configuration. Such a 
change can result by first deforming an article made 
from the alloy is from a heat-stable configuration to a 
heat-unstable configuration while the alloy is in its mar- 
tensite phase. Subsequent exposure to increased tem- 
perature results in a change in configuration from the 
heat-unstable configuration towards the original heat- 
stable configuration as the alloy reverts from its marten- 
site phase to its austenite phase. 

The wide thermal hysteresis that is available by 
thermal and mechanical treatment of the alloys dis- 
closed in U.S. Patent No. 4,770,725 is attractive for arti- 
cles which make use of a thermally induced 
configuration change since it enables an article to be 
stored in the deformed configuration in the martensite 
phase at the same temperature at which it will then be 
in use, in the austenite phase. While the wide hysteresis 
that is referred to in U.S. Patent No. 4,770,725 confers 
certain advantages when the thermally induced 
changes in configuration are to be exploited, a wide hys- 
teresis in stress-strain behaviour on loading and 
unloading is generally inconsistent with the properties 
of an alloy that are looked for when its enhanced elastic 
properties are to be exploited. 

The alloy used in the stent will be treated so as to 
provide appropriate elastic properties for the intended 
application. The treatment will generally involve a com- 
bination of thermal and mechanical treatment steps. 
Non-linear superelastic properties can be introduced in 
a shape memory alloy by a process which involves cold 
working the alloy for example by a process that involves 
pressing, swaging or drawing. The cold working step is 
followed by an annealing step while the component is 
restrained in the configuration, resulting from the cold 
working step at a temperature that is sufficiently high to 
cause dislocations introduced by the cold working to 
combine and dislocations to align. This can ensure that 
the deformation introduced by the cold work is retained. 

The technique for introducing superelastic proper- 
ties can be varied from that described above. For exam- 
ple, instead of subjecting the alloy to a heat treatment 
while restrained in the deformed configuration, the alloy 
could be deformed beyond a particular desired configu- 
ration and then heat treated such that there is a ther- 
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mally induced change in configuration of the kind 
discussed below, the change taking the configuration 
towards the particular desired configuration. Introduc- 
tion of the superelastic properties might also involve 
annealing at high temperature (for example towards the 5 
recrystallisation temperature of the alloy), followed by 
rapid cooling and then a heat treatment at a lower tem- 
perature. 

An example of a treatment that can be applied to a 
Ni 44 Ti47Nb9 alloy to provide suitable enhanced elastic 10 
properties includes cold working the article by at least 
about 20%, preferably at least about 30%. The cold 
work will generally be less than about 60%, preferably 
less than about 50%. Cold work of about 40% can be 
appropriate for many articles. The treatment generally 15 
includes an annealing step involving exposure to ele- 
vated temperature for a period of at least about 1 
minute, preferably at least about 10 minutes, generally 
less than about 500 minutes, preferably less than about 
60 minutes. The annealing temperature will preferably 20 
be at least about 300°C, more preferably at least about 
550°C, preferably less than about 550°C, more prefera- 
bly less than about 450°C 

Preferably, the A f temperature (the temperature at 
which the transformation from martensite phase to the 25 
austenite phase is complete) of the alloy is at least 
about 10°C, more preferably at least about 15°C, espe- 
cially at least about 20°C. Preferably, the A f temperature 
of the alloy is not more than about 50°C, more prefera- 
bly not more than about 40°C, especially not more than 30 
about 35°C. The A f temperature of the alloy will gener- 
ally be arranged to be no more than about the body tem- 
perature that will be encountered by the stent when it is 
in use. A stent made from an alloy whose transformation 
temperatures fall within one or more of these ranges 35 
has been found to exhibit appropriate elastic properties. 

The stent of the invention will generally have an 
apertured or open configuration which facilitates the 
controlled transverse compression and then outward 
recovery in use into contact with the wall of a lumen. 40 
The apertured configuration can comprise slits, or big- 
ger openings. A stent with an apertured configuration 
can be formed by cutting a tube. It might also be formed 
from wire using an appropriate bonding technique (such 
as welding) at points where wires cross. 45 

The configuration of the apertures in the stent will 
be selected to provide appropriate deformation charac- 
teristics, on both transverse compression prior to use 
and subsequently when the stent is disposed in a 
lumen. The configuration should also provide appropri- so 
ate flexibility for the stent, prior to and during use. It is 
particularly desired that (a) the flexibility of the stent 
when bent relative to its longitudinal axis should be 
high, (b) the stent should be able to recover elastically 
from transverse compression, for example changing its 55 
configuration from elliptical to say circular, and (c) the 
radial stiffness of the stent should be high. 

The stent can be made by a process which involves 



removing material from a sheath-like object, leaving a 
pattern of material with appropriate hoop portions and 
struts. The nature of the removal process will depend on 
the material of the sheath-like object. For example, the 
removal process may involve one or more of cutting, 
melting and vaporizing the material. When the stent is 
formed from a metal material, the removal process can 
involve use of a laser cutting tool. Other techniques 
which might be used for forming the pattern in the mate- 
rial include stamping, cutting, and etching (especially 
photoetching). 

The sheath-like object from which the stent is 
formed can be a tubular object, especially a cylindrical 
tube with a circular cross-section. However, the sheath 
can be filled with a core material. The core can support 
the sheath during the removal process. This can pre- 
vent or at least restrict deformation of the sheath during 
the removal process, and damage to the opposite side 
of the sheath from the point at which it is being cut by an 
external cutting tool. The core can be provided as a rod 
which can be slid into the sheath. The core and the 
sheath might be formed as a single article, for example 
by a cold drawing technique. 

While the removal process referred to above is pre- 
ferred for forming the stent of the invention, it might be 
formed in other ways, for example from wire by welding. 
The stent could also be made from sheet material which 
can be formed into a tube, for example by folding and 
welding. 

Preferably, the wall thickness of the material of the 
stent less than about 1 .5 mm, more preferably less than 
about 0.8 mm. Preferably, the wall thickness is at least 
about 0.1 mm, more preferably at least about 0.2 mm. 

Preferably, the maximum transverse dimension 
(which will be its diameter when the stent has a circular 
cross-section) of the stent (which will be its diameter 
when the stent has a circular cross-section) is not more 
than about 40 mm, more preferably not more than about 
20 mm, especially not more than about 10 mm. Prefer- 
ably, its minimum transverse dimension is at least about 
0.5 mm, more preferably at least about 1 mm. 

The stent of the invention will be located in a lumen 
while in a deformed configuration in which it has been 
compressed transversely elastically. It will be held in this 
configuration by means of a restraint. The restraint can 
conveniently be a catheter. The stent can be discharged 
from the catheter in the desired location in a lumen by 
means of an appropriate pusher such as a wire inserted 
into and pushed along the catheter. 

Summary to the Drawings 

Figure 1 is a transverse view of a stent in the con- 
figuration prior to deformation for location in a catheter 
in which it can be delivered to a desired position in a 
lumen. 

Figure 2 is a transverse view of the stent shown in 
Figure 1 , after transverse deformation to a configuration 
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in which it can be delivered to a desired position in a 
lumen. 

Figure 3 demonstrates the stress-strain behaviour 
of the stent shown in Figures 1 and 2 during a loading 
and unloading cycle. 5 

Description of Preferred Embodiments 

Figure 1 shows a stent formed from an alloy which 
consists essentially of 44 at.% Ni, 47 at.% Ti and 9 at.% 10 
Nb. It is formed from a tube of the alloy by selective 
removal of the material of the alloy for example by 
means of a YAG laser cutter, leaving an open array of 
wire-like elements 2 which define an array of diamond 
shaped openings 4 arranged along the longitudinal axis is 
6 of the tube. The openings are such that the transverse 
dimension of the tube (which will be its diameter if it has 
a circular cross-section) can be increased or decreased 
by changing the shape of the openings. The shape is 
changed by changing the angles between the wire-like 20 
elements, effectively by flattening or opening the dia- 
mond shapes of the openings. 

The cut tube is treated to give the alloy enhanced 
elastic properties by a process involving the steps 
described above, including for example cold work by 25 
about 35% and annealing at about 400°C for about 10 
minutes. As a result, the stent might be capable of being 
deformed elastically to a strain of upto about 8.5%, and 
its A f temperature is about 30°C. 

Figure 2 shows the stent shown in Figure 1 after 30 
compression so that its diameter is reduced. The reduc- 
tion in diameter is accompanied by a change in the 
shape of the diamond shape openings 4 so that they are 
flattened circumferentially and elongated in a direction 
parallel to the axis 6 of the stent. The compression is 35 
elastic. The stent is deployed in a lumen in a human or 
animal body while restrained in the compressed config- 
uration, for example by means of a catheter in which the 
stent is disposed for delivery. It can be compressed by 
means of a tapered catheter leading into the delivery 40 
catheter (in the manner of a funnel). Once appropriately 
located in the delivery catheter, the stent can be deliv- 
ered to the desired location in the lumen. It can be dis- 
charged from the delivery catheter by means of a 
pusher wire, using generally known techniques. 45 

Figure 3 illustrates the deformation behaviour of the 
stent of the invention. It shows how stress varies with 
strain during deformation of a catheter. The behaviour is 
shown at a fixed temperature which, when approxi- 
mately equal to the body temperature to which the stent so 
is exposed in use, demonstrates how a stent will per- 
form once located in a lumen. Normally, the initial defor- 
mation of the stent from the configuration shown in 
Figure 1 towards that in Figure 2 will be carried out at 
ambient temperature which might result in a loading 55 
curve that might differ slightly from that shown in Figure 
3. 

The configuration of the stent as cut (as shown in 



Figure 1) is represented by point A, where there is no 
strain. Compression of the stent (to the configuration 
shown in Figure 2) is represented by the upper curve to 
point B, with a strain of about 6% and a stress of about 
800 MPa. The limit of the elastic recoverable deforma- 
tion of the stent is at point C: upto point C, the stent can 
recover at least about 90% of the initially applied strain 
and that strain can then be recovered repeatedly. The 
deformation of the stent to the configuration repre- 
sented by point B can involve for example insertion into 
a small bore catheter, for example from a diameter of 8 
mm to a diameter of 3 mm. Release of the stent without 
any constraint allows the stent to expand towards its ini- 
tial configuration at point A along the lower curve. How- 
ever, in use, the recovery of the stent is restrained by the 
lumen into which the stent is discharged so that the 
stent will adopt a configuration represented by a point D 
on the lower curve, between the points B and A. 

From point D, the force that is exerted outwardly on 
the lumen as it attempts to recover further towards point 
A is represented by the stress on the Y-axis correspond- 
ing to point D: the stress remains substantially constant 
at a relatively low level as the strain is reduced. How- 
ever, on compression of the stent (such as under an 
externally applied force in the case of a lumen close to 
the surface), the stent follows the dotted loading curve 
towards the upper loading curve, ultimately towards the 
point B. As the strain increases, the stress increases 
quickly, providing resistance to the compressive force 
as required to provide continued support to the lumen in 
which the stent is disposed. 

The hysteresis loop that is apparent in the stress- 
strain behaviour shown in Figure 3 has a large differ- 
ence in stress between the upper loading and lower 
unloading curves. This difference enables the stress on 
continued relaxation of strain to remain low and rela- 
tively constant, and the resistance to compressive 
forces to be maintained low, as discussed above. The 
difference between the stresses on the loading and 
unloading curves at the respective points of inflection is 
about 400 MPa. The ratio between the said stresses is 
about 3:1. 

Claims 

1. A stent for use in a lumen in a human or animal, 
which has a generally tubular body formed from a 
shape memory alloy which has been treated so that 
it exhibits enhanced elastic properties with a point 
of inflection in the stress-strain curve on loading, 
enabling the body to be deformed inwardly to a 
transversely compressed configuration for insertion 
into the lumen and then revert towards its initial 
configuration, into contact with and to support the 
lumen, the shape memory alloy comprising nickel, 
titanium and from about 3 at.% to about 20 at.%, 
based on the weight of the total weight of the alloy 
composition, of at least one additional element 
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selected from the group consisting of niobium, haf- 
nium, tantalum, tungsten and gold. 

2. A stent as claimed in claim 1, in which the alloy 
comprises at least about 5 at.% of the ternary ele- 5 
ment. 

3. A stent as claimed in claim 1, in which the alloy 
comprises not more than about 10 at.% of the ter- 
nary element. 10 

4. A stent as claimed in claim 1 , in which the A f tem- 
perature of the alloy is at least about 10°C. 

5. A stent as claimed in claim 1 , in which the A f tern- 15 
perature of the alloy is not more than about 40°C. 

6. A stent as claimed in claim 1, which comprises a 
plurality of wire segments extending at least par- 
tially around the circumference of the stent. 20 

7. A stent as claimed in claim 6, which includes gener- 
ally longitudinally extending portions linking the cir- 
cumferential wire segments. 

8. A stent as claimed in claim 1, which is located 
within a restraint by which it is held in a configura- 
tion in which it has been transversely compressed 
elastically. 

9. A stent for use in a lumen in a human or animal 
body, which has a generally tubular body formed 
from a shape memory alloy which has been treated 
so that it exhibits enhanced elastic properties with a 
point of inflection in the stress-strain curve on load- 
ing, enabling the body to be deformed inwardly to a 
transversely compressed configuration for insertion 
into the lumen and then revert towards its initial 
configuration, into contact with and to support the 
lumen, the ratio of the stress on loading to the 
stress on unloading at the respective inflection 
points on the stress-strain curve being at least 
about 2.5:1. 

10. A stent as claimed in claim 9, in which the value of 45 
the said ratio is at least about 3:1 . 
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(54) Shape memory alloy stent 

(57) A stent for use in a lumen in a human or animal 
body, has a generally tubular body formed from a shape 
memory alloy which has been treated so that it exhibits 
enhanced elastic properties with a point of inflection in 
the stress-strain curve on loading, enabling the body to 
be deformed inwardly to a transversely compressed 
configuration for insertion into the lumen and then revert 
towards its initial configuration, into contact with and to 
support the lumen. The shape memory alloy comprises 
nickel, titanium and from about 3 at.% to about 20 at.%, 
based on the weight of the total weight of the alloy com- 
position, of a ternary element selected from the group 
consisting of niobium, hafnium, tantalum, tungsten and 
gold. The ratio of the stress on loading to the stress on 
unloading at the respective inflection points on the load- 
ing and unloading curves is at least about 2.5:1 , and the 
difference between the stresses on loading and unload- 
ing at the inflection points at least about 250 MPa. 
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Description 

Background of the Invention 

[0001] This invention relates to a stent. Stents are 
used in lumens in a human or animal body. When prop- 
erly positioned in a lumen, a stent can contact the wall 
of the lumen to support it or to force the wall outwardly. 
[0002] Stents can be made from a material which en- 
ables the stent to be compressed transversely elastical- 
ly so that they can then recover outwardly when the 
compressing force is removed, into contact with the wall 
of the lumen. This document discloses a stent for use 
in a lumen in a human or animal body, which has a gen- 
erally tubular body formed from a shape memory alloy 
which has been treated so that it exhibits enhanced 
elastic properties with a point of inflection in the stress- 
strain curve on loading, enabling the body to be de- 
formed inwardly to a transversely compressed configu- 
ration for insertion into the lumen and then revert to- 
wards its initial configuration, into contact with and to 
support the lumen, the shape memory alloy comprising 
nickel, titanium and at least one termary element. The 
enhanced elastic properties available from shape mem- 
ory alloys as a result of a transformation between mar- 
tensite and austenite phases of the alloys make them 
particularly well suited to this application. The nature of 
the superelastic transformations of shape memory al- 
loys is discussed in "Engineering Aspects of Shape 
Memory Alloys", T. W. Duerig et al, on page 370, But- 
terworth-Heinemann (1990). 

[0003] A principal transformation of shape memory al- 
loys involves an initial increase in strain, approximately 
linearly with stress. This behaviour is reversible, and 
corresponds to conventional elastic deformation. Sub- 
sequent increases in strain are accompanied by little or 
no increase in stress, over a limited range of strain to 
the end of the "loading plateau". The loading plateau 
stress is defined by the inflection point on the stress/ 
strain graph. Subsequent increases in strain are accom- 
panied by increases in stress. On unloading, there is a 
decline in stress with reducing strain to the start of the 
"unloading plateau" evidenced by the existence of an 
inflection point along which stress changes little with re- 
ducing strain. At the end of the unloading plateau, stress 
reduces with reducing strain. The unloading plateau 
stress is also defined by the inflection point on the 
stress/strain graph. Any residual strain after unloading 
to zero stress is the permanent set of the sample. Char- 
acteristics of this deformation, the loading plateau, the 
unloading plateau, the elastic modulus, the plateau 
length and the permanent set (defined with respect to a 
specific total deformation) are established, and are de- 
fined in, for example, "Engineering Aspects of Shape 
Memory Alloys," on page 376. 



Summary of the Invention 

[0004] The stress strain behaviour of ashape memory 
alloy component which exhibits enhanced elastic prop- 

5 erties can exhibit hysteresis, where the stress that is ap- 
plied at a given strain during loading is greater than the 
stress exerted at that strain during unloading. It is gen- 
erally desirable when exploiting the enhanced elastic 
properties of a shape memory alloy component to min- 

10 imise the difference between the stresses on the loading 
and unloading curves in a deformation cycle (that is to 
minimise the hysteresis). However, according to the 
present invention, it has been found that it can be ad- 
vantageous in a stent to make use of an alloy which is 

15 capable of exhibiting a large hysteresis in a loading and 
unloading cycle. This can be obtained by using certain 
nickel titanium based alloys, with ternary additions of at 
least one of niobium, hafnium, tantalum, tungsten and 
gold. 

20 [0005] Accordingly, the invention provides and from 
about 3 atomic percent (hereinafter at.%) to about 20 
at.%, based on the weight of the total weight of the alloy 
composition, of at least one ternary element selected 
from the group consisting of niobium, hafnium, tantalum, 

25 tungsten and gold. 

[0006] The use of the specified ternary elements in a 
nickel titanium alloy has the advantage that the resulting 
stent is able to exhibit a wider hysteresis in the stress- 
strain behaviour in a loading and unloading cycle. This 

30 is particularly advantageous in a stent for use in a lumen 
in a human or animal body, which is moved through the 
stent while in a transversely compressed configuration 
from which it can expand elastically into contact with and 
to support the lumen. The wide hysteresis means that 

35 the inward force required to compress the stent trans- 
versely once in place in the lumen is relatively high, 
while the outward force that the stent exerts on the lu- 
men as it attempts to revert to its original undeformed 
configuration is relatively low. This can also mean that 

40 the lumen will be resistant to being crushed by externally 
applied forces which can be a problem in the case of 
lumens close to the surface such as arteries in the thigh 
and neck. It can also mean that the lumen does not tend 
to be distorted undesirably by a large outward force ex- 

45 erted by the stent on the lumen. 

[0007] The use of the alloy specified above can ena- 
ble the ratio of the stress on loading to the stress on 
unloading at the respective inflection points on the 
stress-strain curve to be at least about 2.5:1 , preferably 

50 at least about 3:1 , more preferably at least about 3.5:1 , 
for example at least about 4:1 , measured at body tem- 
perature. This relationship between the loading and un- 
loading stresses in the loading-unloading cycle provides 
the combination of resistance to crushing of astent-sup- 

55 ported lumen and low outward force tending to deform 
the lumen, discussed above. 

[0008] The use of the alloy specified above can ena- 
ble the difference between the stress on loading and the 
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stress on unloading at the respective inflection points 
on the stress-strain curve, after deformation to a strain 
of 1 0%, to be at least about 250 M Pa, preferably at least 
about 300 MPa, more preferably at least about 350 
MPa, for example at least about 400 MPa. This relation- 
ship between the loading and unloading stresses in the 
loading-unloading cycle can also provide the combina- 
tion of resistance to crushing of astent-supported lumen 
and low outward force tending to deform the lumen, dis- 
cussed above. 

[0009] A further significant advantage of the use of at 
least some of the alloys referred to above in the stent of 
the invention is thattheir radio-opacity is enhanced com- 
pared with that of nickel-titanium shape memory alloys 
conventionally used for stents, greatly facilitating their 
use in non-invasive surgery. 

[0010] The alloy used in the stent of the invention will 
preferably comprise at least about 3 at.%, more prefer- 
ably at least about 5 at.% of one or more additional el- 
ements. The alloy will preferably comprise not more 
than about 15 at.%, more preferably not more than 
about 1 0 at.% of the additional element(s). The alloy will 
often contain just nickel and titanium in addition to ele- 
ments selected from the group referred to above (as well 
of course of incidental amounts of other materials in- 
cluding impurities), although useful alloys may include 
two or more elements (of which at least one, and pos- 
sibly all, may be selected from the group referred to 
above) in addition to nickel and titanium. An example of 
a suitable alloy for use in the stent of the invention is 
Ni4 4 Ti 47 Nb 9 . The relative amounts of the nickel and ti- 
tanium components in the alloy will be selected to pro- 
vide appropriate elastic properties and to ensure that the 
temperatures of the transitions between the martensite 
and austenite phases of the alloy can be arranged to be 
appropriate for the intended use of the stent. 
[0011] Some NiTiNb alloys which can be used in the 
present invention are disclosed in U.S. Patent No. 
4,770,725. That document relates to NiTiNb alloys 
which have been found to be capable of treatment to 
provide a wide thermal hysteresis. This property is im- 
portant in applications for shape memory alloys which 
make use of a thermally induced change in configura- 
tion. Such a change can result by first deforming an ar- 
ticle made from the alloy is from a heat-stable configu- 
ration to a heat-unstable configuration while the alloy is 
in its martensite phase. Subsequent exposure to in- 
creased temperature results in a change in configura- 
tion from the heat-unstable configuration towards the 
original heat-stable configuration as the alloy reverts 
from its martensite phase to its austenite phase. 
[0012] The wide thermal hysteresis that is available 
by thermal and mechanical treatment of the alloys dis- 
closed in U.S. Patent No. 4,770,725 is attractive for ar- 
ticles which make use of a thermally induced configura- 
tion change since it enables an article to be stored in the 
deformed configuration in the martensite phase at the 
same temperature at which it will then be in use, in the 



austenite phase. While the wide hysteresis that is re- 
ferred to in U.S. Patent No. 4,770,725 confers certain 
advantages when the thermally induced changes in 
configuration are to be exploited, a wide hysteresis in 
5 stress-strain behaviour on loading and unloading is gen- 
erally inconsistent with the properties of an alloy that are 
looked for when its enhanced elastic properties are to 
be exploited. 

[0013] The alloy used in the stent will be treated so 
10 as to provide appropriate elastic properties for the in- 
tended application. The treatment will generally involve 
a combination of thermal and mechanical treatment 
steps. Nonlinear superelastic properties can be intro- 
duced in a shape memory alloy by a process which in- 
15 volves cold working the alloy for example by a process 
that involves pressing, swaging or drawing. The cold 
working step is followed by an annealing step while the 
component is restrained in the configuration, resulting 
from the cold working step at a temperature that is suf- 
20 ficiently high to cause dislocations introduced by the 
cold working to combine and dislocations to align. This 
can ensure that the deformation introduced by the cold 
work is retained. 

[0014] The technique for introducing superelastic 
25 properties can be varied from that described above. For 
example, instead of subjecting the alloy to a heat treat- 
ment while restrained in the deformed configuration, the 
alloy could be deformed beyond a particular desired 
configuration and then heat treated such that there is a 
30 thermally induced change in configuration of the kind 
discussed below, the change taking the configuration to- 
wards the particular desired configuration. Introduction 
of the superelastic properties might also involve anneal- 
ing at high temperature (for example towards the recrys- 
35 tallisation temperature of the alloy), followed by rapid 
cooling and then a heat treatment at a lower tempera- 
ture. 

[0015] An example of a treatment that can be applied 
to a Ni 44 Ti 47 Nb 9 alloy to provide suitable enhanced elas- 

40 tic properties includes cold working the article by at least 
about 20%, preferably at least about 30%. The cold work 
will generally be less than about 60%, preferably less 
than about 50%. Cold work of about 40% can be appro- 
priate for many articles. The treatment generally in- 

45 dudes an annealing step involving exposure to elevated 
temperature for a period of at least about 1 minute, pref- 
erably at least about 10 minutes, generally less than 
about 500 minutes, preferably less than about 60 min- 
utes. The annealing temperature will preferably be at 

50 least about 300°C, more preferably at least about 
550°C, preferably less than about 550°C, more prefer- 
ably less than about 450°C 

[0016] Preferably, the A f temperature (the tempera- 
ture at which the transformation from martensite phase 
55 to the austenite phase is complete) of the alloy is at least 
about 1 0°C, more preferably at least about 1 5°C, espe- 
cially at least about 20°C. Preferably, the A f temperature 
of the alloy is not more than about 50°C, more preferably 
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not more than about 40°C, especially not more than 
about 35°C. The A f temperature of the alloy will gener- 
ally be arranged to be no more than about the body tem- 
perature that will be encountered by the stent when it is 
in use. A stent made from an alloy whose transformation 
temperatures fall within one or more of these ranges has 
been found to exhibit appropriate elastic properties. 
[0017] The stent of the invention will generally have 
an apertured or open configuration which facilitates the 
controlled transverse compression and then outward re- 
covery in use into contact with the wall of a lumen. The 
apertured configuration can comprise slits, or bigger 
openings. A stent with an apertured configuration can 
be formed by cutting a tube. It might also be formed from 
wire using an appropriate bonding technique (such as 
welding) at points where wires cross. 
[0018] The configuration of the apertures in the stent 
will be selected to provide appropriate deformation char- 
acteristics, on both transverse compression prior to use 
and subsequently when the stent is disposed in a lumen. 
The configuration should also provide appropriate flex- 
ibility for the stent, prior to and during use. It is particu- 
larly desired that (a) the flexibility of the stent when bent 
relative to its longitudinal axis should be high, (b) the 
stent should be able to recover elastically from trans- 
verse compression, for example changing its configura- 
tion from elliptical to say circular, and (c) the radial stiff- 
ness of the stent should be high. 
[0019] The stent can be made by a process which in- 
volves removing material from a sheath-like object, 
leaving a pattern of material with appropriate hoop por- 
tions and struts. The nature of the removal process will 
depend on the material of the sheath-like object. For ex- 
ample, the removal process may involve one or more of 
cutting, melting and vaporising the material. When the 
stent is formed from a metal material, the removal proc- 
ess can involve use of a laser cutting tool. Other tech- 
niques which might be used for forming the pattern in 
the material include stamping, cutting, and etching (es- 
pecially photoetching). 

[0020] The sheath-like object from which the stent is 
formed can be a tubular object, especially a cylindrical 
tube with a circular cross-section. However, the sheath 
can be filled with a core material. The core can support 
the sheath during the removal process. This can prevent 
or at least restrict deformation of the sheath during the 
removal process, and damage to the opposite side of 
the sheath from the point at which it is being cut by an 
external cutting tool. The core can be provided as a rod 
which can be slid into the sheath. The core and the 
sheath might be formed as a single article, for example 
by a cold drawing technique. 

[0021] While the removal process referred to above 
is preferred for forming the stent of the invention, it might 
be formed in other ways, for example from wire by weld- 
ing. The stent could also be made from sheet material 
which can be formed into a tube, for example by folding 
and welding. 



[0022] Preferably, the wall thickness of the material of 
the stent less than about 1 .5 mm, more preferably less 
than about 0.8 mm. Preferably, the wall thickness is at 
least about 0.1 mm, more preferably at least about 0.2 
5 mm. 

[0023] Preferably, the maximum transverse dimen- 
sion (which will be its diameter when the stent has a cir- 
cular cross-section) of the stent (which will be its diam- 
eter when the stent has a circular cross-section) is not 

10 more than about 40 mm, more preferably not more than 
about 20 mm, especially not more than about 10 mm. 
Preferably, its minimum transverse dimension is at least 
about 0.5 mm, more preferably at least about 1 mm. 
[0024] The stent of the invention will be located in a 

15 lumen while in a deformed configuration in which it has 
been compressed transversely elastically. It will be held 
in this configuration by means of a restraint. The re- 
straint can conveniently be a catheter. The stent can be 
discharged from the catheter in the desired location in 

20 a lumen by means of an appropriate pusher such as a 
wire inserted into and pushed along the catheter. 

Summary to the Drawings 



Figure 1 is a transverse view of a stent in the con- 
figuration prior to deformation for location in a cath- 
eter in which it can be delivered to adesired position 
in a lumen. 

Figure 2 is a transverse view of the stent shown in 
Figure 1 , after transverse deformation to a configu- 
ration in which it can be delivered to a desired po- 
sition in a lumen. 

Figure 3 demonstrates the stress-strain behaviour 
of the stent shown in Figures 1 and 2 during a load- 
ing and unloading cycle. 

Description of Preferred Embodiments 

[0026] Figure 1 shows a stent formed from an alloy 
which consists essentially of 44 at.% Ni, 47 at.% Ti and 
9 at.% Nb. It is formed from a tube of the alloy by selec- 
tive removal of the material of the alloy, for example by 
means of a YAG laser cutter, leaving an open array of 
wire-like elements 2 which define an array of diamond 
shaped openings 4 arranged along the longitudinal axis 
6 of the tube. The openings are such that the transverse 
dimension of the tube (which will be its diameter if it has 
a circular cross-section) can be increased or decreased 
by changing the shape of the openings. The shape is 
changed by changing the angles between the wire-like 
elements, effectively by flattening or opening the dia- 
mond shapes of the openings. 

[0027] The cut tube is treated to give the alloy en- 
hanced elastic properties by a process involving the 
steps described above, including for example cold work 
by about 35% and annealing at about 400°C for about 



25 [0025] 
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10 minutes. As a result, the stent might be capable of 
being deformed elastically to a strain of upto about 
8.5%, and its A f temperature is about 30°C. 
[0028] Figure 2 shows the stent shown in Figure 1 af- 
ter compression so that its diameter is reduced. The re- 
duction in diameter is accompanied by a change in the 
shape of the diamond shape openings 4 so that they are 
flattened circumferentially and elongated in a direction 
parallel to the axis 6 of the stent. The compression is 
elastic. The stent is deployed in a lumen in a human or 
animal body while restrained in the compressed config- 
uration, for example by means of a catheter in which the 
stent is disposed for delivery. It can be compressed by 
means of a tapered catheter leading into the delivery 
catheter (in the manner of a funnel). Once appropriately 
located in the delivery catheter, the stent can be deliv- 
ered to the desired location in the lumen. It can be dis- 
charged from the delivery catheter by means of a pusher 
wire, using generally known techniques. 
[0029] Figure 3 illustrates the deformation behaviour 
of the stent of the invention. It shows how stress varies 
with strain during deformation of a catheter. The behav- 
iour is shown at a fixed temperature which, when ap- 
proximately equal to the body temperature to which the 
stent is exposed in use, demonstrates how a stent will 
perform once located in a lumen. Normally, the initial de- 
formation of the stent from the configuration shown in 
Figure 1 towards that in Figure 2 will be carried out at 
ambient temperature which might result in a loading 
curve that might differ slightly from that shown in Figure 
3. 

[0030] The configuration of the stent as cut (as shown 
in Figure 1 ) is represented by point A, where there is no 
strain. Compression of the stent (to the configuration 
shown in Figure 2) is represented by the upper curve to 
point B, with a strain of about 6% and a stress of about 
800 MPa. The limit of the elastic recoverable deforma- 
tion of the stent is at point C: upto point C, the stent can 
recover at least about 90% of the initially applied strain 
and that strain can then be recovered repeatedly. The 
deformation of the stent to the configuration represented 
by point B can involve for example insertion into a small 
bore catheter, for example from a diameter of 8 mm to 
a diameter of 3 mm. Release of the stent without any 
constraint allows the stent to expand towards its initial 
configuration at point A along the lower curve. However, 
in use, the recovery of the stent is restrained by the lu- 
men into which the stent is discharged so that the stent 
will adopt a configuration represented by a point D on 
the lower curve, between the points B and A. 
[0031 ] From point D, the force that is exerted outward- 
ly on the lumen as it attempts to recover further towards 
point A is represented by the stress on the Y-axis cor- 
responding to point D: the stress remains substantially 
constant at a relatively low level as the strain is reduced. 
However, on compression of the stent (such as under 
an externally applied force in the case of a lumen close 
to the surface), the stent follows the dotted loading curve 



towards the upper loading curve, ultimately towards the 
point B. As the strain increases, the stress increases 
quickly, providing resistance to the compressive force 
as required to provide continued support to the lumen 

5 in which the stent is disposed. 

[0032] The hysteresis loop that is apparent in the 
stress-strain behaviour shown in Figure 3 has a large 
difference in stress between the upper loading and low- 
er unloading curves. This difference enables the stress 

10 on continued relaxation of strain to remain low and rel- 
atively constant, and the resistance to compressive forc- 
es to be maintained low, as discussed above. The dif- 
ference between the stresses on the loading and un- 
loading curves at the respective points of inflection is 

15 about 400 MPa. The ratio between the said stresses is 
about 3:1. 



Claims 

20 

1. A stent for use in a lumen in a human or animal, 
which has a generally tubular body formed from a 
shape memory alloy which has been treated so that 
it exhibits enhanced elastic properties with a point 

25 of inflection in the stress-strain curve on loading, en- 
abling the body to be deformed inwardly to a trans- 
versely compressed configuration for insertion into 
the lumen and then revert towards its initial config- 
uration, into contact with and to support the lumen, 
30 the shape memory alloy comprising nickel, titanium 
and from about 3 at.% to about 20 at.%, based on 
the weight of the total weight of the alloy composi- 
tion, of at least one ternary element selected from 
the group consisting of niobium, hafnium, tantalum, 
35 tungsten and gold. 

2. A stent as claimed in claim 1 , in which the alloy com- 
prises at least about 5 at.% of the ternary element. 

40 3. A stent as claimed in claim 1 , in which the alloy com- 
prises not more than about 10 at.% of the ternary 
element. 

4. A stent as claimed in claim 1 , in which the temper- 
45 ature (A f ) of the alloy at which the transformation 

from martensite phase to the austenite phase is 
complete is at least about 10°C. 

5. A stent as claimed in claim 1 , in which the temper- 
50 ature (A f ) of the alloy at which the transformation 

from martensite phase to the austenite phase is 
complete is not more than about 40°C. 

6. A stent as claimed in claim 1, which comprises a 
55 plurality of wire segments extending at least partial- 
ly around the circumference of the stent. 

7. A stent as claimed in claim 6, which includes gen- 
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erally longitudinally extending portions linking the 
circumferential wire segments. 

8. A stent as claimed in claim 1 , which is located within 
a restraint by which it is held in a configuration in 
which it has been transversely compressed elasti- 
cally. 

9. A stent as defined in any one of the preceding 
claims, wherein the ratio of the stress on loading to 
the stress on unloading at the respective inflection 
points on the stress-strain curve being at least 
about 2.5:1. 

10. A stent as claimed in claim 9, in which the value of 
the said ratio is at least about 3:1 . 



Patentanspriiche 

1. Stent zum Gebrauch in einem GefaB beim Men- 
schen oder beim Tier, wobei dieser Stent allgemein 
ein Rohrkorper aus einer Formgedachtnis-Legie- 
rung ist, welche vorbehandelt wurde, so daB sie 
verbesserte elastische Eigenschaften mit einem 
belastungsabhangigen Wendepunkt in der Span- 
nungs-Dehnungskurve aufweist, so daB der Korper 
vor dem Einsetzen in das GefaB nach innen zu ei- 
ner in Querrichtung komprimierten Gestalt verformt 
werden kann und dann in seine Anfangsgestalt in 
den Kontakt mit dem GefaB zuruckkehrt, urn dieses 
zu stutzen, wobei die Formgedachtnis-Legierung 
aus Nickel, Titan sowie von etwa3 Atom-% bis etwa 
20 Atom-%, bezogen auf das Gesamtgewicht der 
Legierungzusammensetzung, eines dreiwertigen 
Elementes, ausgewahlt aus der Gruppe Niob, Haf- 
nium, Tantal, Wolfram und Gold besteht. 

2. Stent nach Anspruch 1 , bei welchem die Legierung 
mindestens etwa 5 Atom-% des dreiwertigen Ele- 
mentes enthalt. 

3. Stent nach Anspruch 1 , bei welchem die Legierung 
mindestens etwa 10 Atom-% des dreiwertigen Ele- 
mentes enthalt. 

4. Stent nach Anspruch 1 , bei welchem die Tempera- 
tur A f der Legierung, bei welcher die Umwandlung 
der Martensit-Phase in die Austenit-Phase abge- 
schlossen ist, mindestens etwa 10 °C betragt. 

5. Stent nach Anspruch 1 , bei welchem die Tempera- 
tur A f der Legierung, bei welcher die Umwandlung 
der Martensit-Phase in die Austenit-Phase abge- 
schlossen ist, mindestens etwa 40 °C betragt. 

6. Stent nach Anspruch 1, welcher eine Vielzahl von 
Drahtsegmenten umfaBt, die sich zumindest teil- 
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weise urn den Umfang des Stents erstrecken. 

7. Stent nach Anspruch 6, welcher sich allgemein in 
Langsrichtung erstreckende Abschnitte aufweist, 
welche die Umfangs-Drahtsegmente verbinden. 

8. Stent nach Anspruch 1, welcher sich in einer Ein- 
engung befindet, wo er in einer in Querrichtung ela- 
stisch komprimierten Gestalt gehalten wird. 

9. Stent nach einem der bisherigen Anspruche, bei 
welchem das Verhaltnis zwischen der Spannung 
unter Last zur Spannung ohne Last am jeweiligen 
Wendepunkt der Spannungs-Dehnungs-Kurve 
mindestens 2,5 : 1 betragt. 

10. Stent nach Anspruch 9, bei welchem der Wert des 
Verhaltnisses mindestens 3 : 1 betragt. 



Revendications 

1. Stent destine a etre utilise dans une lumiere dans 
un etre humain ou un animal, qui comporte un corps 
globalement tubulaire forme a partir d'un alliage a 
memoire de forme qui a ete traite de sorte qu'il pre- 
sente des proprietes elastiques ameliorees avec un 
point d'inflexion dans la courbe tension-allonge- 
ment sur sollicitation, permettant au corps d'etre de- 
forme vers I'interieur a une configuration compri- 
mee transversalement pour insertion dans la lumie- 
re puis de revenir asa configuration initiale, en con- 
tact avec et pour supporter la lumiere, I'alliage a me- 
moire de forme comprenant du nickel, du titane et 
d'environ 3 a environ 20 % at., sur la base du poids 
total de la composition de I'alliage, d'au moins un 
element ternaire choisi dans le groupe constitue de 
niobium, hafnium, tantale, tungstene etor. 

2. Stent selon la revendication 1 , dans lequel I'alliage 
comprend au moins environ 5 % at. de I'element ter- 
naire. 

3. Stent selon la revendication 1 , dans lequel I'alliage 
ne comprend pas plus d'environ 10 % at. de I'ele- 
ment ternaire. 

4. Stent selon la revendication 1 , dans lequel la tem- 
perature (Af) de I'alliage a laquelle la transformation 
de la phase martensite a la phase austenitique est 
complete est au moins d'environ 1 0° C. 



5. Stent selon la revendication 1 , dans lequel la tem- 
perature (Af) de I'alliage a laquelle la transformation 

55 de la phase martensite a la phase austenitique est 
complete ne depasse pas environ 40° C. 

6. Stent selon la revendication 1, qui comprend une 
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pluralite de segments de fil s'etendant au moins par- 
tiellement autour de la circonference du stent. 

7. Stent selon la revendication 6, qui comprend des 
parties s'etendant globalement longitudinalement 5 
reliant les segments de fil circonferentiels. 

8. Stent selon la revendication 1, qui est place a I'in- 
terieur d'un dispositif de restriction par lequel il est 
maintenu dans une configuration dans laquelle il a 10 
ete comprime elastiquement transversalement. 

9. Stent selon Tune quelconque des revendications 
precedentes, dans lequel le rapport de la contrainte 

sur sollicitation a la contrainte sur non-sollicitation 15 
aux points d'inflexion respectifs sur la courbe con- 
trainte-deformation est au moins d'environ 2,5/1. 

1 0. Stent selon la revendication 9, dans lequel la valeur 
dudit rapport est au moins d'environ 3/1 . 20 
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FIG. 3 
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